The performance of vertebrate ears is controlled by auditory efferents that originate in the brain and innervate the ear, synapsing onto hair cell somata and auditory afferent fibers [1] [2] [3] . Efferent activity can provide protection from noise and facilitate the detection and discrimination of sound by modulating mechanical amplification by hair cells and transmitter release as well as auditory afferent action potential firing [1] [2] [3] . Insect auditory organs are thought to lack efferent control [4] [5] [6] [7] , but when we inspected mosquito ears, we obtained evidence for its existence. Antibodies against synaptic proteins recognized rows of bouton-like puncta running along the dendrites and axons of mosquito auditory sensory neurons. Electron microscopy identified synaptic and non-synaptic sites of vesicle release, and some of the innervating fibers co-labeled with somata in the CNS. Octopamine, GABA, and serotonin were identified as efferent neurotransmitters or neuromodulators that affect auditory frequency tuning, mechanical amplification, and sound-evoked potentials. Mosquito brains thus modulate mosquito ears, extending the use of auditory efferent systems from vertebrates to invertebrates and adding new levels of complexity to mosquito sound detection and communication.
SUMMARY
The performance of vertebrate ears is controlled by auditory efferents that originate in the brain and innervate the ear, synapsing onto hair cell somata and auditory afferent fibers [1] [2] [3] . Efferent activity can provide protection from noise and facilitate the detection and discrimination of sound by modulating mechanical amplification by hair cells and transmitter release as well as auditory afferent action potential firing [1] [2] [3] . Insect auditory organs are thought to lack efferent control [4] [5] [6] [7] , but when we inspected mosquito ears, we obtained evidence for its existence. Antibodies against synaptic proteins recognized rows of bouton-like puncta running along the dendrites and axons of mosquito auditory sensory neurons. Electron microscopy identified synaptic and non-synaptic sites of vesicle release, and some of the innervating fibers co-labeled with somata in the CNS. Octopamine, GABA, and serotonin were identified as efferent neurotransmitters or neuromodulators that affect auditory frequency tuning, mechanical amplification, and sound-evoked potentials. Mosquito brains thus modulate mosquito ears, extending the use of auditory efferent systems from vertebrates to invertebrates and adding new levels of complexity to mosquito sound detection and communication.
RESULTS AND DISCUSSION
Male mosquitoes rely on female wing-beat sounds to locate potential mates [8] [9] [10] [11] . Sound detection is mediated by some 16,000 ciliated Johnston's organ (JO) neurons in the pedicel of each antenna [10, [12] [13] [14] (Figure 1A ). Analogous to vertebrate hair cells, JO neurons serve sensory and motor roles, transducing and amplifying sound-induced vibrations of the antennal flagellum [16] [17] [18] . Flagellar vibrations are transmitted to the circularly arranged neurons via some 70 radial cuticular prongs [10, 19] (Figure 1A) , and the neurons send axons into the brain where they synapse in the deutocerebrum [20] . This central synapsing means that there should be no peripheral synapses in JO, as was previously shown for Drosophila melanogaster [6] . When we labeled the JO of male Culex quinquefasciatus mosquitoes against the presynaptic protein SAP47 [21] (see Supplemental Experimental Procedures), however, a punctate staining within JO was obtained ( Figure 1B ). In longitudinal antennal sections, the anti-SAP47 antibody nc46 [21] recognized rows of puncta running through JO, and it also strongly labeled the proximal JO region where the axons of JO neurons come together to leave the pedicel ( Figure 1B ). An equivalent staining was seen in oblique pedicellar sections ( Figure S1A ), including nc46 signals in the latter axonal region as well as rows of puncta running circularly through JO, peripherally to each prong. Inspection of confocal stacks revealed that, in longitudinal sections, nc46-positive fibers interconnect adjacent puncta ( Figure 1C ), indicating that the puncta are associated with presynaptic fibers and represent synaptic boutons. Judged from oblique sections ( Figure S1A ), the fibers are three-dimensionally arranged in the organ like the ribs of an upside-down umbrella, with distinct fibers running in parallel to each prong. We note that the fibers cannot be motoneurons innervating muscles: in mosquitoes, as in all ectognath insects, the pedicel and the flagellum are un-musculated, and antennal muscles are restricted to the scape ( Figure 1A ) [16, 22] . Superimposing the antibody stainings onto the respective bright-field images further revealed that the puncta and fibers do not follow major tracheae ( Figure S1B ), arguing against artifacts from tracheal autofluorescence. Microtrachea autofluorescence, if present, would be expected to be more diffuse and not punctate in tangential views and probably generate fluorescence hotspots in cross-sections.
JO is composed of multicellular scolopidia, each comprising supporting cap and scolopale cells as well as two to three bipolar, monodendritic JO neurons with ciliated dendritic outer segments [13] (Figure 1A ). Within the organ, the dendrites of the neurons point centrally with their outer segments connecting to the prongs, whereas the axons project in the opposite direction, running peripherally of the somata along the organ (Figure 1A) . Counterstaining the neurons with an anti-horseradish peroxidase (anti-HRP) antibody localized the rows of nc46-immunoreactive puncta between JO neuron somata and cilia to the dendritic inner segments ( Figure 1B ). An equivalent staining, including rows of puncta as well as strong immunoreactivity in the proximal JO region where the axons come together, was obtained with the monoclonal antibody 3C11 that recognizes presynaptic Synapsin [23] ( Figure 1D ). Both nc46 and 3C11 also yielded punctate stainings in the female JO ( Figure S1C ), and counterstaining the actin-based scolopale rods, which support the dendritic outer segments, confirmed that the immunoreactive puncta localize to the dendritic inner segments ( Figures 1D  and S1C ). Because of this dendritic localization, the respective fibers are unlikely to be JO neuron axons, which are confined to the exterior region of JO, peripherally of JO neuron dendrites and their somata ( Figure 1A ).
To directly test for synapses in JO, we analyzed ultrathin sections of male antennae with electron microscopy ( Figure 2A ). Transmission electron micrographs showed abundant synaptic sites in the proximal JO region where JO neurons come together (Figures 2A and 2B ). Presynaptic fibers, identified by a dense packing with electron-lucent synaptic vesicles, were intermingled between-and made contacts with-JO neuron axons ( Figure 2B ). Electron-dense presynaptic active zone and postsynaptic specializations confirmed these contacts as synaptic sites ( Figure 2B ), documenting peripheral synapses for the male JO. Electron microscopy also identified fibers packed with large dense core vesicles and smaller electron-lucid vesicles near almost every sectioned dendritic inner segment (Figures 2A and  2C ). The latter fibers were intermingled between the dendritic inner segments next to their ciliary rootlets (Figures 2A and 2C ) and, more distally, near the ciliary basal bodies (Figures 2A and 2D ) that demarcate the junction between dendritic inner and outer segments (Figures 2A and 2D ). Bulging into ( Figure 2D , upper panels)-and passing through ( Figure 2D , lower panels)-the supporting scolopale cells, the fibers closely approached the dendrite membrane. Direct fiber-dendrite contacts or electrondense synaptic specializations, however, could not be observed ( Figure 2D ), pointing to a non-synaptic mode of vesicle release as known, for example, from modulatory octopaminergic neurons innervating insect muscles [24] .
Hints on a central origin of the innervating fibers were obtained when we injected the neural tracer dextran-biotin into the pedicel of the antenna. Besides staining JO neurons, we co-labeled fibers in JO together with a somata cluster in the brain ( Figure 3A) . Golgi impregnations of somata in the brain also co-stained fibers projecting up into the pedicel ( Figure 3B ), further indicating a central JO innervation. Additional evidence for a central origin of the fibers was obtained when we tested for octopaminergic and serotonergic immunoreactivity in pedicellar sections. Antioctopamine antibody labeled rows of puncta running along JO neuron dendrites ( Figure 3C ), whereas cell bodies only displayed unspecific staining. Anti-serotonin antibody likewise failed to label somata within JO, yet it also recognized rows of puncta running along JO neuron dendrites ( Figure 3C ). This anti-serotonin staining in JO is consistent with a previous report [25] , which also failed to detect anti-serotonin-positive cell bodies in JO, but identified labeled fibers running through JO, along with one fiber projecting up in the flagellum ( Figure 3D ). In principle, the absence of stained somata in JO could reflect a local transmitter synthesis within the fibers, and at least some of the fibers could originate locally in JO. Invertebrate octopaminergic and serotonergic neurons, however, usually all seem to have somata inside the CNS, the only reported exception being a cell in the gut of an earthworm species that seems part of the worm's peripheral nervous system [26] [27] [28] . In the mosquito JO, the anti-serotoninpositive puncta could be traced down to the brain ( Figure 3E ), further documenting that the respective fibers connect to the CNS and that, rather than harboring peripheral aminergic neurons, JO receives efferent CNS innervation.
Neither anti-serotonin nor anti-octopamine labeled the proximal JO region where the axons come together, although this region harbors synapses ( Figure 2B ) and displays presynaptic marker staining ( Figures 1B and 1D ). Staining of this region was also observed when we labeled antennal sections with an anti-GAD antibody ( Figure 3C ), which recognizes glutamic acid decarboxylase (GAD) that converts glutamate into the neurotransmitter g-aminobutyric acid (GABA) [29] . Apparently, fibers innervating JO neuron axons and dendrites use different neurotransmitters or neuromodulators, which might explain their different, synaptic and non-synaptic innervation (Figure 2) .
To gain insights into putative efferent effects, we used a pharmacological approach and tested whether octopamine impacts on JO function. Because auditory efferents reportedly modulate cochlear mechanics in mammals by affecting outer hair cell motility [1] [2] [3] , we analyzed the mechanics of the male antennal flagellum whose vibrations are mechanically amplified by motile JO neurons [16] . Flagellar mechanics were probed by monitoring flagellar vibrations in response to sound and mechanical free fluctuations that arise from thermal bombardment and JO neuron motility [16, 30] . Following previous protocols [16, [31] [32] [33] , about 0.5 ml solution containing 1 mM octopamine dissolved in physiological saline [34] was administered via thoracic injection. Treating eight control males with saline only did not alter their flagellar mechanics: before treatment, the flagellar resonance frequency was 367 ± 24 Hz (mean ± SD), consistent with a previous report [18] . 5 min after treatment, the resonance frequency was not significantly altered (349 ± 24 Hz, p > 0.05, two-tailed paired t test) nor was the maximum mechanical sensitivity of the flagellum (ratio between the spectral vibration velocity and the corresponding particle velocity at the flagellar resonance, 6.2 ± 0.9 (ms (Figures 4A and 4B) , documenting that JO neuron motility is not influenced by saline. Upon addition of octopamine, however, the flagellar resonance frequency robustly shifted up from 370 ± 10 Hz to 538 ± 38 Hz (n = 8, p < 0.05), which corresponds to approximately half an octave. This alteration in frequency tuning associated with an increased maximum flagellar sensitivity (6. and excess mechanical amplification [16, 34] . This excess amplification associated with self-sustained feedback oscillations of the flagellum, giving rise to sharp peaks in frequency spectra of its mechanical free fluctuations ( Figure 4A ). Collectively, these octopamine effects persisted when muscle activity was blocked by co-injecting 10 mM glutamate [16] (Figure S2 ), and equivalent effects were observed when we replaced octopamine with the octopamine receptor agonist clonidine (1 mM) [35, 36] ( Figures  4A and 4B ). Treating animals with the octopamine antagonist phentolamine (1 mM) [35, 36] fully reverted the octopamineinduced upward shift of the flagellar resonance, shifting it back from 516 ± 49 Hz to 358 ± 29 Hz (n = 8, p < 0.05), close to the initial resonance frequency observed before octopamine injection (384 ± 19Hz) ( Figures 4A and 4B ). This restoration of the initial resonance, which documents specificity and reversibility, was accompanied by a restoration of the initial flagellar sensitivity, though in some animals the flagellum continued to oscillate self-sustained, and the fluctuation power stayed increased (Figures 4A and 4B ). Alterations in flagellar frequency tuning also ensued from the application of picrotoxin (1 mM), which blocks GABA receptors [37] . In line with previous observations [38] , picrotoxin was only effective when co-applied with collagenase, which itself left flagellar mechanics unaffected ( Figures 4A, 4B , and S2). Picrotoxin plus collagenase, in addition to modulating flagellar sensitivity and frequency tuning, strongly affected sound-evoked extracellular JO field potentials ( Figure 4C ), which, analogous to cochlear potentials [39] , display an oscillatory (AC) and a negative sustained (DC) component [40] (Figures 4C and S3B ). Neither the AC nor the DC components were affected by octopamine (Figures 4C and S3B) , and both components also remained unaltered when collagenase was applied alone ( Figure S3A ). Picrotoxin plus collagenase, however, strongly enhanced the DC component ( Figures 4C and S3B) -an effect that, in toadfish semicircular canals, has been observed upon efferent stimulation [41, 42] .
We have presented evidence for an auditory efferent system in mosquitoes. Precedence for an efferent innervation of arthropod mechanosensory organs comes from spiders [43] [44] [45] [46] [47] and crustacean species [45, 47] , but the only hexapod mechanosensory organ that was previously reported to receive efferent innervation is a locust hind leg proprioceptor [48] . Judging from our results, the auditory efferent system of mosquitoes shares multiple parallels with its vertebrate counterparts [1] [2] [3] , including the targeting of auditory sensory cells and afferents (Figures 1 and 2) , the use of several neurotransmitters or neuromodulators (Figure 3) , and the modulation of mechanical and electrical sound responses (Figure 4) . The enhancement of the DC potentials by picrotoxin ( Figure 4C ) might reflect a switch between coding strategies; the DC potentials have been implicated in the ability of mosquitoes to detect-and to inter-individually synchronize-high-frequency harmonics of their wing-beat sounds [40] , yet more work seems needed to assess the biological significance of both these potentials and their modulation. Mosquito mating behavior reportedly involves sophisticated acoustic interactions, including the matching of flight-tone harmonics [18, 40, 49, 50] and dynamic alterations of hearing organ function [17] . Efferent modulation might enable male mosquitoes to dynamically lock onto-and follow-the changing flight tones of females, which, judging from synaptic marker stainings ( Figure S1C ), also might use efferents for modulating auditory JO function [51] . Males of some mosquito species also structurally modulate their flagellum, erecting the flagellar hairs at dusks but collapsing them during the day via a turgor mechanism [52] . Also this flagellar hair erection seems under CNS control and is susceptible to picrotoxin and octopamine [53] , indicating that efferents might control both JO function and the sound-receiving properties of the flagellum. Culex lacks the ability to collapse its flagellar hairs [49] , yet its flagellum nonetheless receives serotonergic innervation ( Figure 3D ) [25] . This suggests that mosquitoes might extensively use efferents for modulating sensory neurons, including JO neurons and, possibly, olfactory receptors in the antennal flagellum. 
